The present work investigated the ability of Bifidobacterium catenulatum, Bifidobacterium adolescentis, Lactobacillus plantarum, Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus thermophilus to produce folate in milk and complex media. Moreover, the effect of two prebiotics, fructooligosaccharides and galactooligosaccharides, on folate biosynthesis was also evaluated. Levels of the predominant folate forms, i.e., tetrahydrofolate and 5-methyltetrahydrofolate, were determined using high performance liquid chromatography after 0, 6, 10 and 24 h incubation. B. catenulatum (28.82 AE 2.02 mg 100 mL À1 ) and S. thermophilus (19.03 AE 1.95 mg 100 mL À1 ) produced the highest level of folate in complex media and milk, respectively. In most cases, the bacteria tested reached the maximum folate levels within 6 h and 10 h of incubation. The inclusion of prebiotics in the culture medium did not stimulate the synthesis of folate by any of the five bacteria studied, although it increased the rate of bacterial growth.
Introduction
Folate, or vitamin B 9 , is an essential micronutrient of normal cellular functions, growth and development. This vitamin is required in many metabolic reactions, such as methyl group biogenesis and synthesis of nucleic acids, vitamins and some amino acids (Ames, 1999; Sarma & Duttagupta, 1995) , and is an essential component of the diet. Folates are widespread in nature, mainly in green leafy vegetables, liver, cereals and dairy products such as yoghurt, mainly due to the fermentation carried out by lactic acid bacteria (LAB). However, lack of this soluble vitamin in the diet is one of the most common nutritional deficiencies in the world; mammals must absorb folate from their diet because they do not have the capability to synthesise it.
Traditionally, folate deficiency in humans has been associated with macrocytic or megaloblastic anaemia. However, nowadays, it is known that marginal folate deficiency or changes in its metabolism are also associated with other health problems, such as cancer and cardiovascular diseases, as well as neural tube defects in newborns (Boushey, Beresford, Omenn, & Moultulsky, 1996; Jennings, 1995; Shaw, Schaffer, Velie, Morland, & Harris, 1995; Wang et al., 2007) . The daily recommended intake (DRI) of folate in the European Union (EU) is set at 200 mg for adults and 600 mg for women in the periconceptional period (Otten, Pitzi-Hellwig, & Meyers, 2006) .
Folate intake can be increased by a number of strategies, in particular the consumption of foods naturally rich in folate such as green leafy vegetables, fruits and berries, beans, whole grain products and liver, the use of folic acid supplements, and the consumption of synthetic folic acid or fortification of natural food with folate. This last strategy has proved very useful in reducing health problems associated with folate mal-intake (Wegkamp, 2008) , showing a reduction of the prevalence of neutral tube defects by 46% (De Wals et al., 2007) . However, it was recently shown (Smith, 2007) that a high-level intake of chemically synthesised folic acid might have some adverse health effects, masking the diagnosis of a vitamin B 12 deficiency and possibly leading to irreversible neurological damage (Morris, Jacques, Rosenberg, & Selhub, 2007) .
Another important factor is the high relation between intake of synthetic folic and the increase of risk of colorectal cancer risk (Kennedy et al., 2011) . In addition, a recent report has suggested that folic acid supplementation during pregnancy is associated with an increased risk of respiratory infections in newborns (Håberg, London, Stigum, Nafstad, & Nystad, 2009) . For this reason, there is a growing interest in the biofortification of foodstuff with natural folates. In this regard, the use of LAB for the improvement of the nutritional value of fermented food products and/or contributing health benefits to these products has been proposed.
LAB are able to synthesise folate; specifically, this group of bacteria show increased growth rate in the presence of prebiotics (Bouhnik et al., 2004) . Prebiotics can be classified according their chemical constituents and degree of polymerisation, resulting in a large variety of compounds. However, the majority of studies have been carried out with FOS and GOS (Macfarlane, Steed, & Macfarlane, 2008) . These two prebiotics have shown beneficial effects on health, decreasing the risk of cardiovascular disease (Rault-Nania et al., 2006) and cancer (Rafter et al., 2007) , increasing bone mineralisation (Abrahms et al., 2005) and protecting against gastrointestinal diseases (Brunser et al., 2006; Cummings, Christie, & Cole, 2001) . The last effect is mainly due to the growth of bifidobacteria and lactobacilli, protecting the gut environment against incursion by invasive microorganisms, thereby playing an important role in the maintenance of gut homeostasis. However, no studies have determined whether these two prebiotics affect the bacterial synthesis of folate.
Thus, considering that prebiotics stimulate growth of bifidogenic bacteria, which produce produce water-soluble vitamins, it was of interest to determine the production of folate could be enhanced when these bacteria are grown in the presence of fructooligosaccharides (FOS) and galactooligosaccharides (GOS). The aim of the present work was thus to investigate the effect of these two prebiotics (FOS and GOS) on folate biosynthesis by several folate-producing bacteria in media cultures and milk. S. thermophilus was grown in both MRS broth and in trypticase soyeyeast extract (TSYE) broth (BD, Franklin Lakes, NJ, USA). All strains were also grown in 12% (w/v) non-fat dry milk (NDM; Difco Laboratories, Detroit, MI, USA) autoclaved at 121 C for 15 min. All strains were anaerobically incubated at 37 C for 24 h and serially transferred at least three times prior to assays. The inoculum (10 5 cfu mL À1 ) was the same for all bacteria strains in every medium studied.
Materials and methods

Bacterial strains and growth conditions
Bacterial growth and folate synthesis
This study evaluated the effect of two prebiotics on folate biosynthesis. The first prebiotic was oligofructose (Raftilose P95 Ò , minimum content 95%) (Beneo-Orafti, Tienen, Belgium) as FOS; the second prebiotic was 4 0 -galactosyl-lactose (Oligomate 55P Ò , minimum content 55%; Yakult Pharmaceutical Industry Co., Ltd., Tokyo, Japan) as GOS. Prebiotics were added to milk and complex media to a final concentration of 1.0 g 100 mL
À1
. Culture media and milk, with or without prebiotics, were collected after 0, 6, 10 and 24 h of bacterial growth and folate levels were analysed by high performance liquid chromatography (HPLC). At the same time, bacterial growth was evaluated by plating in agar medium. L. plantarum and L. bulgaricus were enumerated on MRS agar plates (Oxoid), B. adolescentis and B. catenulatum were enumerated on MRS agar plates containing L-cysteine (0.25 g 100 mL À1 ) and S. thermophilus was assayed on MRS and TSYE agar plates (Scharlau, Barcelona, Spain). All plates were incubated anaerobically at 37 C for 72 h.
Folate standards
Individual folate standards (6R,S)-5,6,7,8-tetrahydrofolic acid calcium salt (H 4 -folate), (6R,S)-5-methyl-5,6,7,8-tetrahydrofolic acid sodium salt (5eCH 3 eH 4 -folate) and (6R,S)-5-formyl-5,6,7,8-tetrahydrofolic acid sodium salt (5eHCOeH 4 -folate) were obtained from Dr. Schirck's Laboratories (Jona, Switzerland). Standard solutions were prepared according to the method described by Van den Berg, Finglas, and Bates (1994) .
Extraction and deconjugation of folates from samples
Folates from bacterial cultures were extracted following the procedure described by Pfeiffer, Rogers, and Gregory (1997) and Konings (1999) . The eluted sample was weighed, and the purified extracts were kept under refrigeration for no longer than 2 h before they were placed in the autosampler and injected onto the HPLC. The extraction, deconjugation and purification procedures were carried out under subdued light to prevent photodegradation of folates.
High performance liquid chromatography analysis of folates
Folates were determined using a Merck-Hitachi 7000 (Merck, Darmstadt, Germany) HPLC equipped with a fluorescence detector (LaChrom, Merck-Hitachi, model 7485). A LiChrosphere Ò 100 RP-18
(5 mm) column (Merck), protected with a guard column (LiChroCART Ò 4-4, Merck), was used to separate the folate compounds following the method described previously (Iniesta, Perez-Conesa, Garcia-Alonso, Ros, & Periago, 2009 ). The precision of the HPLC analysis including sample extraction, deconjugation and purification showed recoveries of spiked folates on the samples studied at a level of 50 ng mL À1 that ranged from 75 to 100% for H 4 -folate, from 70 to 99% for 5eCH 3 eH 4 -folate and from 80 to 100% for 5eHCOeH 4 -folate. The coefficient of inter-and intra-assay variation for folate analysis was below 10%. The limits of quantification were 2.34 ng mL À1 for H 4 -folate, 2.67 ng mL À1 for 5eCH 3 eH 4 -folate and 34.20 ng mL À1 for 5eHCOeH 4 -folate. The folate content was expressed as micrograms per 100 mL of fresh medium in all samples.
Statistical analysis
Results were expressed as mean value AE standard deviation from four replicates (every strain was incubated at four different times) based on fresh weight (FW). Analysis of variance (ANOVA) was used to test the variation in the content of folates amongst the different LAB for a given sampling time, as well as the variation in the content of folates due to the effect of the prebiotics. Tukey's pairwise comparison was used to determine significant differences between means. Differences were considered to be significant at p < 0.05. Statistical analysis of the data was performed using the SPSS 15.0 software package for Windows (SPSS Inc., Chicago, IL, USA).
Results
Growth of lactic acid bacteria
Bacterial growth of all strains was studied in complex medium and in non-fat milk, with and without FOS (1.0 g 100 mL À1 ) and GOS (1.0 g 100 mL À1 ) (data not shown). In most strains, the growth curves showed a similar pattern; the cultures reached stationary phase after approximately 10 h of incubation, giving a higher number of colony forming units in complex medium than in milk, with the exception of S. thermophilus. When a prebiotic was added to the medium, bacterial counts were higher than in medium without this additive. Overall, for B. adolescentis, B. catenulatum and S. thermophilus, growth in MRS or milk, the addition of FOS induced a higher growth rate than GOS. In contrast, lactobacilli showed a higher growth rate in the presence of GOS than in the presence of FOS, as seen for growth of S. thermophilus in TSYE broth.
Folate accumulation in bacterial cultures grown in prebioticfree medium
Folate levels produced by the five bacteria strains tested in both non-fat autoclaved milk and complex media after 0, 6, 10 and 24 h of incubation at 37 C are shown in Fig. 1 . In 8 of 11 cases, both in milk and in complex media, the highest level of folate production was observed within 6 h and 10 h; specifically, B. catenulatum in MRS and S. thermophilus in milk produced the highest levels of folate. These values were significantly (p < 0.05) higher than those observed for the remaining strains. In contrast, L. plantarum produced the lowest levels of folate at 10 h of incubation amongst the five bacteria strains tested. All strains of bacteria tested in this study accumulated more 5eCH 3 eH 4 -folate, from 2.21 mg 100 mL À1 for L. plantarum to 21.57 mg 100 mL À1 for B. catenulatum after growing for 10 h in MRS and from 2.53 mg 100 mL À1 for L. plantarum to 11.01 mg 100 mL À1 for L. delbrueckii when they were grown in milk for 10 h. Meanwhile, in the case of H 4 -folate, the results obtained were from 2.26 mg 100 mL À1 for B. adolescentis to 6.72 mg 100 mL À1 for B. catenulatum after growing for 10 h in MRS and from 0.83 mg 100 mL À1 for B. adolescentis to 1.94 mg 100 mL
À1
for B. catenulatum when they were grown in milk during 10 h. Moreover, higher levels of folate were observed in complex media than in non-fat autoclaved milk at 10 h of incubation with the exception of S. thermophilus grown in TSYE (Fig. 2) , where both values are similar.
Folate accumulation in bacterial cultures grown in FOScontaining medium
The effect of FOS on folate production by different LAB and bifidobacteria was studied at different times (Figs. 2 and 3) . In general (7 of 11 cases), for bacteria grown in milk and complex media, the highest level of accumulation of folate was observed within 6 h and 10 h.
Cultures of B. catenulatum at 24 h (23.5 mg 100 mL À1 ) and L. plantarum at 10 h (11.21 mg 100 mL À1 ) showed the highest levels of folate accumulation in MRS þ FOS and milk þ FOS, respectively. When L. plantarum was grown in MRS, or S. thermophilus in TSYE, both in the presence of FOS, folate levels were higher than when they were grown in the prebiotic-free media. In contrast, the remaining strains showed significantly (p < 0.05) lower folate levels when grown in the prebiotic-supplemented medium. Again, the five bacteria strains tested produced more 5eCH 3 eH 4 -folate than H 4 -folate when FOS was added to the medium. The results obtained for 5eCH 3 eH 4 -folate ranged from 3.37 mg 100 mL À1 for L. delbrueckii to 16.63 mg 100 mL À1 for B. catenulatum after 10 h of growth in MRS þ FOS and from 0.12 mg 100 mL À1 for L. delbrueckii to 9.30 mg 100 mL À1 for B. catenulatum when they were cultured for L. plantarum when they were grown in milk þ FOS during 10 h. Moreover, bacteria showed higher folate levels in complex media than in non-fat autoclaved milk after 24 h of incubation. In fact, in all cases, the final folate concentration in milk was only slightly higher or lower than the initial concentration of the micronutrient, whereas in complex media the folate concentration increased over time (except for both lactobacilli, where a maximum content was obtained at about 10 h).
Folate accumulation in bacterial cultures grown in GOScontaining medium
To determine whether the folate production by the five bacteria strains assessed might be affected by the presence of the second prebiotic studied, the folate concentration was determined after 0, 6, 10 and 24 h in cultures grown in milk and complex media supplemented with GOS (10 g 100 mL À1 ) (Figs. 2 and 4) . S. thermophilus
showed the highest levels of folate accumulation, both in MRS (12.28 mg 100 mL À1 at 24 h) and milk (12.26 mg 100 mL À1 at 10 h), and this difference was statistically significant (p < 0.05) compared with the remaining strains. In contrast, L. delbrueckii (1.37 mg 100 mL À1 at 10 h) and L. plantarum (0.35 mg 100 mL À1 at 24 h) showed the lowest folate levels in MRS and milk, respectively, with statistically significant differences compared with the other bacterial strains tested. With the exception of S. thermophilus grown in TSYE (Fig. 2 ), all five strains tested showed lower folate levels in GOS-supplemented media than in prebiotic-free media. Furthermore, in 6 of 11 cases, the folate levels were lower in the presence of GOS than in the presence of FOS. It should be noted that S. thermophilus, B. adolescentis and L. delbrueckii produced higher concentrations of folate when they were grown in GOS-supplemented milk than in FOS-supplemented milk. In the case of complex media, only B. adolescentis culture in MRS and S. thermophilus in TSYE induced a higher folate production in the presence of GOS than in the presence of FOS.
All the bacterial strains tested, except B. catenulatum and L. delbrueckii, showed higher folate levels in complex media þ GOS than in non-fat autoclaved milk þ GOS (from þ1.22 mg 100 mL À1 for S. thermophilus to þ4.86 mg 100 mL À1 for B. adolescentis). Again, all bacteria strains accumulated more 5eCH 3 eH 4 -folate than H 4 -folate (the other predominant form) when the GOS-supplemented medium was used.
Discussion
Five strains of folate-producin bacteria were screened to test the production of this vitamin after 0, 6, 10 and 24 h of incubation at 37 C. In this research, as in most studies, S. thermophilus showed the highest levels of folate production in milk, yielding higher concentrations compared with other LAB or bifidobacteria (Crittenden, Martinez, & Playne, 2003; Iyer, Tomar, Uma, & Singh, 2010; Sybesma, Starrenburg, Tijsseling, Hoenfnagel, & Hugenholtz, 2003a) . Sybesma et al. (2003a) suggested that L. plantarum is the only lactobacillus species able to produce folate. However, this research has shown that folate production also occurs with L. delbrueckii, mainly when it is grown in the absence of prebiotics. It is known that para-aminobenzoic acid (pABA) limits folate production (Santos, Wegkamp, de Vos, Smid, & Hugenholtz, 2008; Wegkamp, van Oorschot, de Vos, & Smid, 2007) , emphasising that most lactobacilli are unable to synthesise this acid. Consequently, within the genus Lactobacillus, folate production is possible only when pABA is present in the medium (Wegkamp et al., 2007) . Although pABA was not added to either the milk or MRS medium in this study, the amount of this compound naturally present in the two media was sufficient for both lactobacilli tested to produce folate in milk and MRS. In most cases, both in milk and in complex media, the highest level of folate accumulated within 6 h and 10 h, and folate levels decreased as fermentation continued, which is consistent with previous observations (Holasova, Fiedlerova, Roubal, & Pechacova, 2004; Lin & Young, 2000) . Furthermore, Rao, Reddy, Pulusani, and Cornwell (1984) demonstrated that cultures of lactic acid bacteria not only synthesise but also utilise folate in their metabolism, a fact that might explain the results observed in this study after 10 h of incubation. Gregory, Sartain, and Day (1984) and Vahteristo, Lehikoinen, Olliliainen, and Varo (1997) reported that 5eCH 3 eH 4 is the predominant form of folate in foods, including fruits, vegetables and dairy products. All strains of LAB and bifidobacteria tested in this study also accumulated more 5eCH 3 eH 4 than H 4 -folate. This trend also concurs with the results observed by Lin and Young (2000) .
The five bacteria selected were further analysed for folate production following growth in the presence of two different prebiotics, FOS and GOS. The use of prebiotics in the culture medium did not stimulate the synthesis of folate in the five bacteria strains studied, although it increased the rate of bacterial growth. In line with this result, numerous studies have highlighted the bifidogenic activity of both GOS and FOS (Kunz & Rudloff, 1993; Mitsuoka, Hidaka, & Eida, 1987; Pérez-Conesa, López, & Ros, 2007) . In vitro studies have shown that FOS encourages the growth of intestinal bacteria, in particular the bifidogenic population, which includes both bifidobacteria and lactobacilli (Velazquez, Davies, Marett, Slavin, & Feirtag, 2000) . In a study with longer incubation times and different strains of bifidobacteria, the growth of Bifidobacterium breve and Bifidobacterium longum peaked after 20e25 h of incubation in the presence of b-(2,6)-FOS, remaining constant until the fifth day (Marx, Winkler, & Hartmeier, 2000) . A similar trend was seen in this study, but B. adolescentis, B. catenulatum and S. thermophilus showed a more sustained growth in the presence of FOS than in the presence of GOS. However, S. thermophilus showed a higher growth in the presence of GOS in TSYE broth than in the presence of FOS. Lactobacilli also showed a higher growth rate in the presence of GOS, which was not surprising because the bifidogenic effect of GOS has been extensively studied (Bouhnik et al., 1997; Ito et al., 1990; Tanaka et al., 1983) .
In the case of B. adolescentis in milk þ FOS, B. catenulatum in MRS þ GOS , L. plantarum in milk and MRS (both supplemented with GOS), and S. thermophilus in MRS þ FOS, the most likely reason for reduced bacterial production of folate in the presence of a prebiotic is the higher growth rate shown in such conditions. In fact, Sybesma et al. (2003a) reported that the folate production was further stimulated when growth was inhibited by the presence of growth-inhibiting concentrations of several antibiotics and in the presence of high salt concentrations. The reason for increased folate production when growth is inhibited is not yet fully understood. It could be that, under conditions of low growth rate, one of the folate precursors (GTP) accumulates due to the decreased synthesis of DNA and RNA. Interestingly, in an earlier study, it was reported that overproduction of GTP-cyclohydrolase I, the first enzyme involved in folate biosynthesis, leads to increased production of folate by Lactococcus lactis (Sybesma et al., 2003b) .
Another possible explanation for the lower folate production in the presence of a prebiotic is the high amount of acetic acid and lactic acid that bacteria produce when grown on media supplemented with oligosaccharides (Chick, Shin, & Ustunol, 2001 ). There may be a negative relationship between the acidic pH of the medium and the microbial production of folate. Furthermore, the acidic pH may also lead to the destruction of some labile folate forms when they are excreted into the surrounding medium (Paine-Wilson & Chen, 1979) . In line with this deduction, Sybesma et al. (2003a) observed increased folate production by LAB when the pH of the culture medium remained constant. In agreement with this finding, many studies have found that enzymes involved in the folate synthesis of various microorganisms possess most activity at high pH values (between 7.3 and 9.5) of the culture medium (Ballantine, Volpe, & Delves, 1994; Rao, 2000; Yoo, Han, Ko, & Bang, 1998) . In this study, a notable decrease in the pH of the culture medium supplemented with prebiotic was also observed as the incubation time increased (data not shown).
Conclusion
The species of bacteria commonly used in fermented milk products can positively influence the folate content that milk or dairy products may provide to consumers. However, the addition of prebiotics (FOS or GOS) does not meet the purpose of increasing bacterial folate production, which is reached only in specific conditions depending on the bacteria strain used. More specifically, FOS increased folate production only in L. plantarum, whereas FOS reduced it in the other bacteria studied. In the case of the other prebiotic tested, only S. thermophilus showed increased folate production when this bacterium was grown in GOS-supplemented TSYE medium.
